1. Introduction {#s0005}
===============

The under-five mortality (U5M) is one of the numerous health challenges in Uganda, accounting for approximately 4% of the U5M burden in Sub-Saharan Africa ([@bb0230]). In addition, the indicator is one of the most important among those monitoring many Sustainable Development Goals ([SDG](#dt0085){ref-type="term"}s) ([@bb0265]). The burden of U5M in Uganda has reduced over time. For instance, between 2006 and 2011, the under-five mortality rate ([U5MR](#dt0110){ref-type="term"}) declined from 137 to 90 deaths per 1000 live births ([@bb0205]; [@bb0220]); indicating that Uganda has made considerable progress in improving the health of the under-fives. Similarly, the leading contributors to under-five morbidity and mortality such as malaria, anaemia, malnutrition, diarrhoea and acute respiratory infections ([@bb0130]) have dropped. For example, the prevalences of anaemia decreased from 73% to 49% ([@bb0205]; [@bb0220]).

Despite the huge national improvements, the burden of mortality and childhood diseases is still high and disproportionately distributed among regions. The lowest malnutrition prevalence (20%) was reported in Kampala and the highest (51%) in the South-West ([@bb0205]). Also, wide regional variations in the U5MR occurred during the same time; with the North-East experiencing the highest (152 deaths per 1000 live births) and the lowest (56 deaths per 1000 live births) occurring in Kampala region ([@bb0205]). Whether regional disparities in U5MR are a result of varying childhood diseases across regions needs to be examined.

In Uganda, few studies have assessed the relation between childhood diseases and U5M. Furthermore, scanty literature exists on this relation at a local scale. Most studies that evaluated the above relation have been specific to one community at a time. Recent studies are descriptive and lack statistical evidence. In a community-based cohort of infants conducted in eastern Uganda, anaemia, malaria, diarrhoea and pneumonia were reported as the major single causes of death without estimating their relation to mortality but relying purely on their prevalence ([@bb0215]). Studies providing statistical evidence are outdated. Studies in the South-West and North-West Uganda showed that lower anthropometric indicators were associated with higher U5M ([@bb0210]; [@bb0195]). This study assessed a single cause of childhood mortality and did not use nationally representative data.

Previous studies in Mali ([@bb0200]) and Malawi ([@bb0150]) looked at the relation between child mortality with exposure to malaria risk at national level but they ignored the geographical variation in the burden of childhood diseases that may influence U5M patterns ([@bb0235]), therefore areas affected by the disease burden could not be identified. Furthermore, past studies did not consider exposure to multiple diseases adjusting for several confounders in a single analysis.

In the current study, we assess the association between all-cause U5M and childhood diseases (i.e. malaria, severe or moderate anaemia, severe or moderate malnutrition, diarrhoea and acute respiratory infections) in Uganda at national and sub-national scales, and identify childhood diseases that contribute to U5M by region analyzing the 2011 [DHS](#dt0030){ref-type="term"} data and applying Bayesian geostatistical Weibull proportional hazards models. The analysis was adjusted for spatial correlation in U5M and potential confounding effects of socio-demographic characteristics, interventions and environmental/climatic factors. Findings of this study can inform disease control programs to implement disease-specific interventions at a local scale to address U5M in Uganda.

2. Materials and methods {#s0010}
========================

2.1. Study setting {#s0015}
------------------

The Republic of Uganda is located in East Africa and lies across the equator. It is a landlocked country that borders Kenya to the East, Tanzania to the South, Rwanda to the South-West, the Democratic Republic of Congo to the West, and South Sudan to the North. The country has an area of 241,039 km^2^ and a population of about 40 million of which 20% are under-five years of age ([@bb0205]).

2.2. Data and data sources {#s0020}
--------------------------

### 2.2.1. Mortality {#s0025}

Data on all-cause U5M were obtained from women birth histories available in the Uganda DHS which was conducted from May to December in 2011 ([@bb0205]). The survey includes a representative sample of 10,086 households selected using a stratified two-stage cluster design. In the first stage, 404 enumeration areas/clusters/locations were chosen. The second stage involved selecting households from a complete listing of households in each cluster. Mortality data were collected on all 7878 children born in the five years preceding the date of the survey. About 8674 women aged between 15 and 49 years who were either routine residents or visitors present in the selected household the night before the survey were interviewed.

### 2.2.2. Childhood diseases {#s0030}

Data on childhood diseases (severe or moderate malnutrition, severe or moderate anaemia, acute respiratory infections ([ARIs](#dt0015){ref-type="term"}), and diarrhoea) and socio-demographic characteristics were extracted from the DHS 2011. The children\'s nutritional status is reported using three anthropometric indices (i.e. height-for-age, weight-for-height and weight-for-age) based on growth standards defined by World Health Organization ([WHO](#dt0120){ref-type="term"}) in 2006 ([@bb0240]). Severely or moderately malnourished children were defined as children with weight-for-age two standard deviations below the median of the WHO reference population. Haemoglobin levels were reported for children aged 6--59 months. We considered anaemic children as those with haemoglobin levels \<10 g per deciliter ([g/dL](#dt0040){ref-type="term"}). ARIs and diarrhoea data were available from DHS questionnaires, asking mothers whether any of their children under the age of five years had been ill with a cough accompanied by short, rapid breathing or had diarrhoea at any time during the two-week period preceding the survey.

Disease data regarding the dead children were not gathered, making it difficult to assess the disease-mortality relation at an individual level. Therefore, we treated disease prevalence at cluster level as an exposure ([@bb0065]) linked to the individual level mortality. Disease prevalence was obtained by aggregating the binary disease status of screened children at the cluster level.

Malaria data were not available at the 2011 DHS. This information was collected in the Malaria Indicator survey ([MIS](#dt0070){ref-type="term"}) carried out in Uganda by the DHS program in 2009. To predict malaria parasite prevalence at the 2011 DHS clusters, we fitted Bayesian geostatistical models on microscopically confirmed survey data from the 2009 MIS which was carried out during November to December at 170 clusters and included malaria parasite positivity on 3972 children. Bayesian geostatistical models fitted via Markov Chain Monte Carlo (MCMC) simulations are suitable for these data as the DHS collects mortality and morbidity data at neighbouring locations and therefore correlated in space. This is because observations at close geographical proximity are likely to share common exposures and thus affected in a similar way. Ignoring spatial correlation in the data results into imprecise effects of covariates which are essential for determining areas affected mostly by diseases. The flexibility of the Bayesian inferential approach via MCMC simulations provides an appropriate method to deal with over-parametrized models ([@bb0095]).

#### 2.2.2.1. Disease preventive and curative programs in Uganda {#s0035}

"In Uganda, ITNs and [IRS](#dt0055){ref-type="term"} are the main interventions for malaria vector control. These are complemented by other measures to reduce mosquito breeding such as larvicides. The National Malaria Treatment Policy of 2012 stipulates use of [ACT](#dt0005){ref-type="term"} for simple or uncomplicated malaria, quinine or artesunate for severe malaria and [IPT](#dt0050){ref-type="term"} during pregnancy ([@bb0015]). Promotion of ITNs, deworming medication every six months and iron supplementation for children under the age of five are the recommended measures for prevention and treatment of malaria and anaemia in children.

The Uganda National Expanded Program on Immunization (UNEPI) is a national program that mainly targets infants and women of childbearing age. UNEPI ensures that every child and high-risk group is fully vaccinated with high quality and effective vaccines against the target diseases according to recommended strategies ([@bb0255]). The program immunizes the population against several diseases including those related to ARIs such as tuberculosis, diphtheria, whooping cough (pertussis), Haemophilus influenzae and measles. The Ministry of Health has recommended antibiotics for the treatment of ARIs ([@bb0125]).

Ministry of Health implements a multi-sectorial approach for diarrheal disease control. Interventions include improvement of water quality, hygiene, and sanitation; provision of ORS or RHF and zinc supplements; and case management. As a preventive measure for rotavirus disease, the Ministry of Health introduced a new vaccine against rotavirus diarrhoea into routine immunization in 2016 ([@bb0125]).

Exclusive breastfeeding in the first six months of delivery, breastfeeding coupled with a balanced diet after the six months of birth and education in nutrition practices are the key preventive measures against malnutrition recommended by the Ministry of Health ([@bb0125])."

### 2.2.3. Socio-demographic factors {#s0040}

Socio-demographic data primarily included maternal (education, literacy, residence, age at birth, early pregnancy termination, number of children born, working status) and child (sex, birth order, birth interval, mode of delivery) characteristics at the individual level. The household asset score was used as a socio-economic proxy.

### 2.2.4. Environmental and climatic data {#s0045}

Environmental and climatic predictors were extracted from remote sensing sources. Land Surface Temperature (LST), rainfall and Normalized Difference Vegetation Index ([NDVI](#dt0075){ref-type="term"}) were averaged during January to December 2009 and January to December 2011. The former climatic summaries were used in the fitting of the malaria parasite data of the 2009 MIS. The latter were considered as predictors in the mortality model based on the 2011 DHS. Land cover types were provided in 17 categories according to the International Global Biosphere Programme ([IGBP](#dt0045){ref-type="term"}) classification scheme and re-grouped into three categories, that is, urban, forest and crops. Distance to permanent water bodies was calculated based on the water category of the land cover data. Appendix A contains a list of environmental/climatic data together with their spatio-temporal resolution and data source.

### 2.2.5. Intervention coverage indicators {#s0050}

Child, maternal and household intervention data, that is, Water, Sanitation and Hygiene ([WASH](#dt0115){ref-type="term"}), reproductive health, breastfeeding, vaccinations, micronutrients intake and treatment interventions were obtained from the 2011 DHS. The standard guidelines of the Roll Back Malaria were used to define indicators of malaria interventions ([@bb0260]). These included use and ownership of insecticide treated nets (ITNs) and indoor residual spraying (IRS). All intervention coverage indicators were aggregated at the cluster level because interventions at individual level such as vaccination, [ITN](#dt0060){ref-type="term"} use or treatment are not available for dead children. Interventions with coverage of \<5% (i.e. zinc; 2%) and those exceeding 95% (i.e. iodized salt; 99%) at the national level were excluded from the analysis due to lack of variation in estimating their relation with mortality. [Table A.1](#t0005){ref-type="table"} provides details on the intervention indicators used in the study and their corresponding national coverage.Table A.1Intervention indicators and their national coverage, Uganda DHS 2011.Table A.1InterventionDescriptionCoverage (%)Malaria Prop_IRSPercentage of households sprayed with Indoor Residual Spraying (IRS) in the past 12 months7ITN ownership Prop_1ITNPercentage of households with at least one ITN60 Prop_1ITN2Percentage of households with at least one ITN for every two people28 Prop_ITNAPercentage of population with access to an ITN within their household (Percentage of the population that could sleep under an ITN, if each ITN in the household were used by up to two people)45ITN use Prop_ITNSPercentage of the population in a household that slept under an ITN the previous night of the survey35 Prop_ITN5Percentage of children under 5 years in a household who slept under an ITN the previous night of the survey43 Prop_ITNUPercentage of existing ITNs used by the population in a household the previous night of the survey35WASH Improved waterPercentage of households with improved source of drinking water70 Improved sanitationPercentage of households using improved sanitation facilities16 Prop \_wsoapPercentage of households with soap or detergent and water at hand washing place27Reproductive health Family planningPercentage of married women using any family planning method30 ANC providerPercentage of pregnant mothers receiving ANC from a skilled provider95 4+ ANC visitsPercentage of pregnant women making four or more ANC visits during their entire pregnancy48 IPTPercentage of women who received intermittent preventive treatment for malaria during pregnancy27 Skilled deliveryPercentage of births that took place with the assistance of a skilled provider58 Postnatal carePercentage of newborns receiving first postnatal checkup from a skilled provider within two days after delivery11Breastfeeding Within one dayPercentage of infants who started breastfeeding within one day of birth89 ExclusivePercentage of infants exclusively breastfed during the first six months after birth63Vaccinations Tetanus toxoidPercentage of last-born child fully protected against neonatal tetanus84 BCGPercentage of children vaccinated against BCG94 DPTPercentage of children with complete vaccination of DPT72 PolioPercentage of children with complete vaccination of polio63 MeaslesPercentage of children vaccinated against Measles76Micronutrients VitaminA_supPercentage of children receiving vitamin A supplements in the past 6 months57 Iron_supPercentage of children receiving Iron supplements in the past 7 days7 Iodized saltPercentage of children living in households with iodized of salt99Treatments AntibioticsPercentage of children with ARIs symptoms who took antibiotics47 ORS or RHFPercentage of children with diarrhoea given fluid from oral rehydration solution (ORS) sachets or recommended home fluids (RHF)48 ZincPercentage of children with diarrhoea given zinc sulphates2 ACTsPercentage of children with fever during the two weeks prior to the survey and took artemisinin-combination therapy (ACT)69 DewormingPercentage of children given deworming medication in the past 6 months50

2.3. Statistical analysis {#s0055}
-------------------------

To identify the most important predictors associated with the U5M, Bayesian geostatistical variable selection was used adopting, a stochastic search approach. In particular, a binary indicator was introduced for every disease, health intervention (except ITN coverage measures), land cover and socio-demographic characteristic with values corresponding to the inclusion or exclusion of the variable from the model. We assumed that the indicator arises from a Bernoulli distribution with probability defining the variable-specific inclusion probability in the model. We have chosen a spike and slab prior for the regression coefficients, that is, a mixture of normal prior distributions with a mixing proportion equal to the inclusion probability. The spike component shrinks the regression coefficient to zero when the variable is excluded and the slab assumes a non-informative, normal prior distribution when the covariate has high inclusion probability (i.e. larger than 40%). ITN coverage measures were highly correlated (above 0.85), therefore, only one (or none) measure among those defining ownership and one (or none) among those defining use were selected. Environmental/climatic factors ([LST](#dt0065){ref-type="term"}, NDVI, distance to permanent water bodies and rainfall) were included or excluded in the model in a linear or categorical form, introducing indicators with a multinomial prior distribution with three parameters corresponding to the probabilities of exclusion of the variable, inclusion in linear and categorical form respectively. Covariates were categorized based on their quartiles.

To assess the association between U5M and childhood diseases at the national and sub-national levels, a Bayesian geostatistical proportional hazards model with a baseline Weibull hazard function was fitted. The model included intervention coverage measures, socio-demographic, climatic and environmental covariates. Climatic/environmental factors were included as proxies of other environmentally driven causes of mortality. Malaria prevalence was not available at the 2011 DHS locations. Instead the Bayesian binomial geostatistical model was fitted on the 2009 MIS data to predict the malaria prevalence. The prediction uncertainty was taken into account as a measurement error in the malaria covariate. Spatial correlation between clusters in both, the survival and the binomial geostatistical models was incorporated on locational random effects modeled by Gaussian processes with an exponential correlation function of the distance between locations. Our model assumed that the relation between childhood diseases and mortality varied across regions by including disease-specific spatially varying coefficients. Region-specific random effects with conditional autoregressive prior distributions modeled geographical variation in the effects of childhood diseases.

The contribution of childhood diseases to under-five mortality was quantified by means of the population attributable fractions (PAF). PAF measures the percentage of under-five deaths attributable to a specific disease. The definition of PAF was used in terms of known prevalence of the disease in the population, *p*, and the corresponding adjusted odds ratio, *aOR*, as *PAF* = *p*(*aOR* − 1)/(1 + *p*(*aOR* − 1)) ([@bb0005]). PAFs were calculated for the whole country and for each region separately following the formula presented above. Mortality can be caused by multiple risk factors, and individual risk factors may interact in their impact on overall risk of mortality. As a result, PAF estimates for individual risk factors often overlap and add up to \>100% ([@bb0050]). Markov Chain Monte Carlo simulation drawing samples from the posterior distribution of the *PAF*, that is, *PAF*^1^, *PAF*^2^, ... *PAF*^*N*^\~*p*(*PAF*\| *data*) were used to obtain the 95% BCI for PAFs, with *N* being the number of simulations. The overall mean and variance of simulated samples are estimates of the posterior mean and variance and were thus used to estimate the 95% BCI for PAFs.

Descriptive data analysis was executed in STATA version 14.0 (Stata Corporation, College Station, [TX](#dt0090){ref-type="term"}, USA) and model fit was carried out in OpenBUGS 3.2.3 (Imperial College and Medical Research Council, London, [UK](#dt0095){ref-type="term"}). Maps were produced in ArcGIS version 10.5 (ArcGIS version 10.5, Esri, Redlands, [CA](#dt0025){ref-type="term"}, USA). The effects of covariates on mortality were summarized by their posterior medians and reported as hazard ratios with their corresponding 95% Bayesian credible interval (95% BCI), which is an equivalent of the confidence interval in the frequentist approach. Effects were regarded statistically important if their credible intervals did not include one. Appendix B describes in details the Bayesian geostatistical methods.

3. Results {#s0060}
==========

3.1. Descriptive data analysis {#s0065}
------------------------------

[Table A.2](#t0010){ref-type="table"} summarizes childhood disease prevalences and the U5MR estimates by region and at the country level. The overall U5MR was 90 deaths per 1000 live births. Large regional variations in childhood mortality rates per 1000 live births were observed, lowest in Kampala (56) and highest in the North-East (152) deaths.Table A.2U5MR estimates and childhood disease prevalence at national and regional levels, Uganda DHS 2011 and MIS 2009.Table A.2Disease prevalence (%)U5MR estimatesGeographical scaleMalariaAnaemiaMalnutritionDiarrhoeaARIsper 1000 live birthsNational422717231590Region Central 139301522983 Central 2513213211279 East-Central5646203215104 Kampala5238241456 Mid-Eastern373211331780 Mid-North621316242276 Mid-Western431620191795 North-East4035452020152 South-West12820141199 West-Nile4638231914100[^1]

Based on the MIS 2009 data, the microscopy-based national malaria parasitemia prevalence was 42%. There were large regional variations with Kampala experiencing the lowest prevalence (5%) and the Mid-North the highest (62%). About 27% of Ugandan children aged 6--59 months were severely or moderately anaemic; lowest in South-West (8%) and highest in East-Central (46%). Overall, 17% of Ugandan children were either severely or moderately malnourished. The percentage of moderately/severely malnourished children varied by region with Kampala having the lowest (8%) and North-East the highest (45%). Nearly a quarter of the children under-five years were reported to have diarrhoea at national level, and this proportion was highest in East-Central (32%) and Mid-Eastern (33%) and lowest in South-West (14%). Overall ARIs in the two weeks before the survey was 15%, highest in Mid-North (22%) and lowest in Central 1 (9%). [Fig. A.1](#f0005){ref-type="fig"} presents the corresponding geographical distribution of childhood diseases. The variation in childhood diseases in space could be a contributing factor to the observed regional heterogeneities in the U5MR in Uganda.Fig. A.1Geographical distribution of childhood diseases by region, DHS 2011.The variation in the burden of childhood diseases across regions could be a contributing factor to the existing regional discrepancies in the U5MR in Uganda; (a) Prevalence of malaria, (b) Prevalence of anaemia, (c) Prevalence of malnutrition, (d) Prevalence of diarrhoea, (e) Prevalence of acute ARI.Fig. A.1

3.2. Model-based analysis {#s0070}
-------------------------

### 3.2.1. Bayesian variable selection {#s0075}

[Table A.3](#t0015){ref-type="table"} presents results from the Bayesian geostatistical variable selection. Socio-demographic and climatic factors, interventions and treatment indicators with posterior inclusion probabilities higher than 40% were incorporated in the final survival model, that is, if a covariate is contained in \>40% of the total fitted models was included in the final model. For example, the malaria intervention coverage indicators that were considered in the final model were the proportion of children under 5 years who slept under an insecticide treated nets the previous night of the survey and the proportion of households sprayed with Indoor Residual Spraying. Land Surface Temperature day and Normalized Difference Vegetation Index were included as categorical and linear covariates respectively.Table A.3Posterior inclusion probabilities of disease prevalence, intervention coverage indicators, socio- demographic and environmental/climatic characteristics.Table A.3VariableInclusion probability (%)VariableInclusion probability (%)DiseasesTreatments Malnutrition57.6[a](#tf0005){ref-type="table-fn"} Antibiotics28.0 Malaria63.0[a](#tf0005){ref-type="table-fn"} ORS or RHF59.0[a](#tf0005){ref-type="table-fn"} Anaemia69.6[a](#tf0005){ref-type="table-fn"} ACTs15.0 ARIs46.4[a](#tf0005){ref-type="table-fn"} Deworming46.0[a](#tf0005){ref-type="table-fn"} Diarrhoea68.2[a](#tf0005){ref-type="table-fn"}Socio-economic and demographicMalariaChild Prop_IRS59.3[a](#tf0005){ref-type="table-fn"} Sex86.0[a](#tf0005){ref-type="table-fn"}ITN ownership Birth order60.2[a](#tf0005){ref-type="table-fn"} None55.0 Birth intervals54.2[a](#tf0005){ref-type="table-fn"} Prop_1ITN36.7Maternal Prop_1ITN20.0 Age at birth100.0[a](#tf0005){ref-type="table-fn"} Prop_ITNA8.3 Number of children born100.0[a](#tf0005){ref-type="table-fn"}INT use Education level84.6[a](#tf0005){ref-type="table-fn"} None8.7 Pregnancy terminated64.6[a](#tf0005){ref-type="table-fn"} Prop_ITNS15.0 Residence (urban vs rural)69.0[a](#tf0005){ref-type="table-fn"} Prop_ITN548.0[a](#tf0005){ref-type="table-fn"} Working status15.5 Prop_ITNU28.3HouseholdWASH Age of head23.4 Improved water30.0 Wealth index68.8[a](#tf0005){ref-type="table-fn"} Improved sanitation85.0[a](#tf0005){ref-type="table-fn"} \#Children under 5 years37.0 Prop_wsoap13.3Environmental/climatic factorsReproductive health Land cover100.0[a](#tf0005){ref-type="table-fn"} Family planning88.0[a](#tf0005){ref-type="table-fn"}LST day ANC provider100.0[a](#tf0005){ref-type="table-fn"} None0.0 4+ ANC visits20.0 Continuous0.0 IPT54.5[a](#tf0005){ref-type="table-fn"} Categorical100.0[a](#tf0005){ref-type="table-fn"} Skilled delivery49.2[a](#tf0005){ref-type="table-fn"}LST night Postnatal care100.0[a](#tf0005){ref-type="table-fn"} None98.0Breastfeeding Continuous2.0 Within one day24.4 Categorical0.0 Exclusive45.2[a](#tf0005){ref-type="table-fn"}NDVIVaccinations None5.0 Tetanus toxoid27.0 Continuous95.0[a](#tf0005){ref-type="table-fn"} BCG2.0 Categorical0.0 DPT46.8[a](#tf0005){ref-type="table-fn"}Rainfall Polio30.0 None95.0 Measles68.2[a](#tf0005){ref-type="table-fn"} Continuous0.5Micronutrients Categorical0.0 VitaminA_sup31.0Distance to water Iron_sup39.0 None100.0 Continuous0.0 Categorical0.0[^2]

### 3.2.2. Effects and contribution of childhood diseases on U5M {#s0080}

The effects of childhood diseases on U5M are summarized in [Table A.4](#t0020){ref-type="table"} by their posterior estimates (i.e. estimates of unknown quantities of childhood diseases that maximize their posterior distribution). Results indicate that at the national level, a 100% increase in the prevalence of malaria parasitemia was associated with a 74% increase in the hazard of mortality (HR = 1.74; 95% BCI: 1.42, 2.16). Similarly, a 100% increase in the proportion of children having severe or moderate anaemia, severe or moderate malnutrition and diarrhoea was associated with a 37%, 49% and 61% rise in the hazard of mortality respectively. ARIs were neither associated with mortality at country nor at sub-national level.Table A.4Posterior estimates for the effects of childhood diseases at the national and sub-national scale on U5MR adjusted for socio-economic, demographic and environmental/climatic characteristics.Table A.4Geographical scaleMalaria[c](#tf0020){ref-type="table-fn"}Moderate/severe anaemia[c](#tf0020){ref-type="table-fn"}Moderate/severe malnutrition[c](#tf0020){ref-type="table-fn"}Diarrhoea[c](#tf0020){ref-type="table-fn"}ARIs[c](#tf0020){ref-type="table-fn"}Hazard ratio (95% BCI)Hazard ratio (95% BCI)Hazard ratio (95% BCI)Hazard ratio (95% BCI)Hazard ratio (95% BCI)National1.74 (1.42, 2.16)[a](#tf0010){ref-type="table-fn"}1.37 (1.20, 1.75)[a](#tf0010){ref-type="table-fn"}1.49 (1.25, 1.66)[a](#tf0010){ref-type="table-fn"}1.61 (1.31, 2.05)[a](#tf0010){ref-type="table-fn"}0.99 (0.31, 2.17)Region Central 11.46 (0.70,2.38)1.78 (1.35, 3.86)[a](#tf0010){ref-type="table-fn"}0.97 (0.63, 1.30)1.27 (0.63, 2.85)1.02 (0.19, 5.81) Central 21.72 (1.10, 2.55)[a](#tf0010){ref-type="table-fn"}1.07 (0.93, 1.52)1.08 (0.63, 1.52)1.97 (1.16, 3.67)[a](#tf0010){ref-type="table-fn"}1.12 (0.19, 3.40) East-Central2.39 (1.41, 5.74)[a](#tf0010){ref-type="table-fn"}0.79 (0.62, 1.23)2.98 (1.75, 4.21)[a](#tf0010){ref-type="table-fn"}1.94 (1.21, 4.57)[a](#tf0010){ref-type="table-fn"}1.21 (0.15, 3.95) Kampala1.20 (0.81, 1.97)1.87 (1.33, 2.62)[a](#tf0010){ref-type="table-fn"}1.83 (0.62, 2.64)1.07 (0.40, 3.23)1.53 (0.17, 7.37) Mid-Eastern2.55 (0.80, 3.42)0.98 (0.76, 1.53)2.58 (1.66, 4.08)[a](#tf0010){ref-type="table-fn"}2.04 (1.27, 3.58)[a](#tf0010){ref-type="table-fn"}0.77 (0.10, 4.29) Mid-North1.95 (1.27, 3.35)[a](#tf0010){ref-type="table-fn"}1.28 (1.06, 1.97)[a](#tf0010){ref-type="table-fn"}0.81 (0.56, 1.19)1.75 (0.73, 3.86)1.01 (0.15, 2.98) Mid-Western1.07 (0.68, 2.23)1.16 (1.07, 1.64)[a](#tf0010){ref-type="table-fn"}1.62 (0.88, 2.18)2.17 (1.11, 4.13)[a](#tf0010){ref-type="table-fn"}0.91 (0.21, 3.35) North-East2.20 (1.31, 4.79)[a](#tf0010){ref-type="table-fn"}1.20 (1.08, 2.23)[a](#tf0010){ref-type="table-fn"}2.33 (1.33, 3.93)[a](#tf0010){ref-type="table-fn"}2.38 (0.80, 5.35)0.90 (0.20, 5.30) South-West0.84 (0.59, 1.80)1.77 (1.40, 2.67)[a](#tf0010){ref-type="table-fn"}1.27 (0.91, 1.69)1.52 (0.59, 4.64)1.31 (0.22, 4.56) West-Nile2.20 (1.06, 2.90)[a](#tf0010){ref-type="table-fn"}1.87 (1.59, 2.41)[a](#tf0010){ref-type="table-fn"}1.28 (0.85, 1.80)1.54 (0.80, 3.02)1.02 (0.10, 3.98)  Spatial parametersVariancePosterior median (95% BCI)Posterior median (95% BCI)Posterior median (95% BCI)Posterior median (95% BCI)Posterior median (95% BCI)Spatially varying[b](#tf0015){ref-type="table-fn"}0.56 (0.48, 0.71)0.56 (0.43, 0.60)0.68 (0.43, 0.99)0.61 (0.38, 0.85)0.59 (0.43, 0.76)[^3][^4][^5][^6]

Sub-national analysis shows that malaria was associated with U5M in Central 2, East-Central, Mid-North, North-East and West-Nile regions. In Central 1, Kampala and South-West, only severe/moderate anaemia was associated with mortality. Anaemia also significantly increased hazards of U5M in the Mid-North, Mid-West, North-East and West-Nile regions. The prevalence of moderate/severe malnutrition in East-Central, Mid-Eastern and North-East, and diarrhoea risk in Central 2, East-Central, Mid-eastern and Mid-Western had a statistically important effect on U5M in these areas. There was no important association between the ARIs burden and U5M. [Fig. A.2](#f0010){ref-type="fig"} presents the geographical distribution of spatially varying disease effects that are shown in [Table A.4](#t0020){ref-type="table"}.Fig. A.2Geographical distribution of spatially varying childhood disease effects on U5M.The asterisk (\*) implies that the disease is associated with U5M in the respective region; (a) Prevalence of malaria, (b) Prevalence of anaemia, (c) Prevalence of malnutrition, (d) Prevalence of diarrhoea, (e) Prevalence of acute ARI.Fig. A.2

[Table A.5](#t0025){ref-type="table"} shows that among malaria interventions, a 100% increase in the coverage of IRS is associated with a reduction in the mortality hazard by 31%, (HR = 0.69; 95% BCI: 0.61, 0.83). Reproductive health interventions were also important determinants of U5M. In particular, an increasing proportion of married women using any family planning method, proportion of pregnant mothers receiving [ANC](#dt0010){ref-type="term"} from a skilled provider and proportion of women receiving intermittent preventive treatment for malaria during pregnancy were associated with lower hazards of mortality. Child interventions considerably influenced mortality. First postnatal checkup from a skilled provider within two days after delivery, exclusive breastfeeding during the first six months after birth, complete vaccination against [DPT](#dt0035){ref-type="term"} and measles and, deworming were associated with lower hazard of mortality. Socio-economic and demographic characteristics were statistically important predictors of mortality. An increased mortality hazard was estimated for children born to mothers who once experienced a terminated pregnancy. Since [Table A.5](#t0025){ref-type="table"} contains variables included in the model as potential confounders of the effects of the primary variables (i.e. childhood diseases), their attributions to U5M were not of principal interest and were therefore not computed.Table A.5Posterior estimates for the effects of socio-economic, demographic and environmental/climatic factors on the U5MR.Table A.5VariableHazard ratio (95% BCI)Malaria[c](#tf0035){ref-type="table-fn"} Percentage of households sprayed with Indoor Residual Spraying (IRS) in the past 12 months0.69 (0.61, 0.83)[a](#tf0025){ref-type="table-fn"} Percentage of children under 5 years in a household who slept under an ITN the previous night of the survey1.21 (0.85, 1.63)WASH[c](#tf0035){ref-type="table-fn"} Percentage of households using improved sanitation facilities0.78 (0.54, 0.87)[a](#tf0025){ref-type="table-fn"}Reproductive health[c](#tf0035){ref-type="table-fn"} Percentage of married women using any family planning method0.68 (0.41, 0.79)[a](#tf0025){ref-type="table-fn"} Percentage of pregnant mothers receiving ANC from a skilled provider0.58 (0.23, 0.84)[a](#tf0025){ref-type="table-fn"} Percentage of women who received intermittent preventive treatment for malaria during pregnancy0.59 (0.53, 0.73)[a](#tf0025){ref-type="table-fn"} Percentage of births that took place with the assistance of a skilled provider0.96 (0.80, 1.12) Percentage of newborns receiving first postnatal checkup from a skilled provider within two days after delivery0.69 (0.36, 0.67)[a](#tf0025){ref-type="table-fn"}Breastfeeding[c](#tf0035){ref-type="table-fn"} Percentage of infants exclusively breastfed during the first six months after birth0.54 (0.44, 0.69)[a](#tf0025){ref-type="table-fn"}Vaccinations[c](#tf0035){ref-type="table-fn"} Percentage of children with complete vaccination of DPT0.75 (0.63, 0.96)[a](#tf0025){ref-type="table-fn"} Percentage of children vaccinated against Measles0.71 (0.60, 0.80)[a](#tf0025){ref-type="table-fn"}Micronutrients[c](#tf0035){ref-type="table-fn"} Percentage of children given deworming medication in the past 6 months0.40 (0.28, 0.48)[a](#tf0025){ref-type="table-fn"}Treatments[c](#tf0035){ref-type="table-fn"} Percentage of children with diarrhoea given fluid from oral rehydration solution (ORS) sachets or recommended home fluids (RHF)1.13 (0.88, 1.32)  Socio-economic and demographicChild Sex: Female vs male Birth order\
 \>4 vs 1--41.19 (1.12, 1.60)[a](#tf0025){ref-type="table-fn"} Birth intervals\
 24--35 vs 1--230.54 (0.46, 0.81)[a](#tf0025){ref-type="table-fn"} 36--47 vs 1--230.41 (0.35, 0.58)[a](#tf0025){ref-type="table-fn"} 48 vs 1--230.37 (0.24, 0.51)[a](#tf0025){ref-type="table-fn"}Maternal Age at birth\
 25--29 vs 15--240.82 (0.63, 1.21) 30--34 vs 15--240.69 (0.58, 0.91)[a](#tf0025){ref-type="table-fn"} 35--49 vs 15--241.09 (0.81, 1.34) Number of children born1.67 (1.57, 1.76)[a](#tf0025){ref-type="table-fn"} Pregnancy terminated vs never1.31 (1.07, 1.74)[a](#tf0025){ref-type="table-fn"} Education level:\
 Primary vs none0.87 (0.80, 1.10) Secondary or higher vs none0.81 (0.71, 0.92)[a](#tf0025){ref-type="table-fn"} Residence\
 Urban vs rural0.76 (0.59, 0.91)[a](#tf0025){ref-type="table-fn"}Household Wealth index0.84 (0.75, 0.95)[a](#tf0025){ref-type="table-fn"}Environmental/Climatic factors Normalized difference vegetation index1.47 (0.60, 2.82) Land surface temperature (day) 25.7--27.5 vs \< 25.71.11 (0.69, 1.53) 27.6--30.6 vs \< 25.71.18 (0.84, 1.63) 30.6 vs \< 25.70.90 (0.70, 1.31) Land cover Crops vs forest1.14 (0.81, 1.57) Urban vs forest0.88 (0.71, 1.42)Spatial parameters Variance in spatial process0.49 (0.40, 0.75) Range (km)[b](#tf0030){ref-type="table-fn"}3.10 (1.42, 6.40)Other parameters\
 Shape parameter[d](#tf0040){ref-type="table-fn"}\
0.43 (0.38, 0.49)[^7][^8][^9][^10]

3.3. Contribution of childhood diseases to under-five mortality {#s0085}
---------------------------------------------------------------

PAF estimates ([Table A.6](#t0030){ref-type="table"}) indicate that 97% (PAF = 96.9; 95%BCI: 94.4, 98.0), 91% (PAF = 90.9; 95%BCI: 84.4, 95.3), 89% (PAF = 89.3; 95%BCI: 76.0,93.8) and 93% (PAF = 93.3 95%BCI: 87.7,96.0) of the deaths among children less than five years in Uganda was attributable to malaria, severe/moderate anaemia, severe/moderate malnutrition and diarrhoea respectively. Most deaths in Central 1, Kampala and South-West were attributable to severe/moderate anaemia. In West-Nile, malaria and severe/moderate anaemia were equally responsible for a larger percentage of under-five deaths. In Central 2 and East-Central, malaria and diarrhoea contributed most deaths. In the Mid-North and North-East, malaria accounted for majority of the deaths. In Mid-Eastern and Mid-Western, most deaths were due to diarrhoea.Table A.6Population attributable fraction (PAF) estimates (%) for malaria, Moderate/severe anaemia, Moderate/severe malnutrition, diarrhoea and ARI at the national and regional scale relative to under-five mortality.Table A.6Geographical scaleMalariaModerate/severe anaemiaModerate/severe malnutritionDiarrhoeaARIsPAF (95% CI)PAF (95% CI)PAF (95% CI)PAF (95% CI)PAF (95% CI)National96.9 (94.6,98.0)[a](#tf0045){ref-type="table-fn"}90.9 (84.4,95.3)[a](#tf0045){ref-type="table-fn"}89.3 (76.0,93.8)[a](#tf0045){ref-type="table-fn"}93.3 (87.7,96.0)[a](#tf0045){ref-type="table-fn"}−17.6 (−29.6,40.7)Regions Central 194.7 (−92.2109.3)95.9 (91.3,98.8)[a](#tf0045){ref-type="table-fn"}92.1 (−87.8112.0)85.6 (−114.0,97.6)15.3 (−97.7115.9) Central 297.3 (83.6,98.8)[a](#tf0045){ref-type="table-fn"}69.1 (−50.6,94.3)−81.8 (−126.2,67.1)95.3 (77.1,98.2)[a](#tf0045){ref-type="table-fn"}59.0 (−96.6111.5) East-central98.7 (95.8,99.6)[a](#tf0045){ref-type="table-fn"}111.5 (−106.1129.4)51.0 (43.8,78.5)[a](#tf0045){ref-type="table-fn"}96.8 (87.0,99.1)[a](#tf0045){ref-type="table-fn"}75.9 (−97.8108.5) Kampala50.0 (−190,82.9)95.2 (88.4,97.4)[a](#tf0045){ref-type="table-fn"}97.5 (−85.9151.0)62.7 (−98.2107.5)88.1 (−98.9109.4) Mid-Eastern98.9 (−98.3115.6)−177.8 (−189.0,115.0)86.9 (77.9,94.1)[a](#tf0045){ref-type="table-fn"}97.2 (89.9,98.8)[a](#tf0045){ref-type="table-fn"}134.4 (−98.2157.0,) Mid-North98.3 (94.4,99.3)[a](#tf0045){ref-type="table-fn"}78.4 (43.8,92.7)[a](#tf0045){ref-type="table-fn"}94.6 (−75.2116.6)94.7 (−98.6118.2)18.0 (−97.8105.6) Mid-Western75.1 (−68.1107.8)71.9 (52.8,91.1)[a](#tf0045){ref-type="table-fn"}149.0 (−95.9171.4)95.7 (67.6,98.3)[a](#tf0045){ref-type="table-fn"}288.7 (−97.6308.0) North-East98.0 (92.5,99.3)[a](#tf0045){ref-type="table-fn"}87.5 (73.7,97.7)[a](#tf0045){ref-type="table-fn"}92.5 (83.7,98.6)[a](#tf0045){ref-type="table-fn"}96.5 (−98.9133.3)200.0 (−98.9216.7) South-West208.7 (−125.5260.6)86.0 (76.2,93.0)[a](#tf0045){ref-type="table-fn"}98.4 (−93.2125.0)87.9 (−121.1,98.1)77.3 (−97.5113.2) West Nile98.2 (73.4,98.9)[a](#tf0045){ref-type="table-fn"}97.1 (95.7,98.2)[a](#tf0045){ref-type="table-fn"}84.4 (−64.8136.8)91.1 (−97.5135.7)21.9 (−97.7108.6)[^11][^12]

4. Discussion {#s0090}
=============

We estimated the effects of childhood diseases in Uganda on all-cause U5M at national and subnational scales taking into account confounding effects of child and maternal interventions, socio-demographic and climatic/environmental factors that have been shown to be significantly related to U5M ([@bb0260]; [@bb0005]; [@bb0050]; [@bb0080]). We found strong geographical variation in the effects of childhood diseases on all-cause U5M across Uganda.

The significant association between malaria and U5M can be explained by the short rainy season during which the survey was conducted in addition to the high malaria prevalence (42%) prevailing in Uganda known as a high malaria burden country in Africa ([@bb0090]). Rainfall provides suitable conditions for development of malaria parasites within mosquitoes resulting in increased transmission ([@bb0155]; [@bb0040]; [@bb0060]; [@bb0090]) and consequently mortality.

The poor WASH practices in Uganda could be responsible for the significant association between diarrhoea and mortality. At the time of the survey, only 14% of households had improved sanitation facilities ([@bb0205]). UN improved sanitation facilities accelerate the transfer of germs by flies and concentrate micro-organisms into food and water sources, which increases diarrhoeal risk and death from the disease ([@bb0045]). Also, other diarrhoea preventive interventions are limited in Uganda. For example, water and soap were present at handwashing places of only 27% of households ([@bb0205]). Hand washing with a detergent ensures that the transmission of germs is restricted, especially among children who are more prone than adults to diarrhoea and other childhood illnesses.

Furthermore, malnutrition is a risk factor for the major causes of U5M ([@bb0250]; [@bb0010]) and is a consequence of poor feeding and socioeconomic status ([@bb0170]). The inadequate young child feeding practices coupled with poor socioeconomic status in Uganda ([@bb0205]) could have contributed to the significant association between malnutrition and mortality.

Significant relationships between U5M and malaria in Mali and Malawi ([@bb0200]; [@bb0150]), diarrhoea worldwide ([@bb0115]), malnutrition in Uganda ([@bb0210]; [@bb0195]) and anaemia in Sierra Leon, Zaire and Kenya ([@bb0110]; [@bb0120]) have also been reported.

Sub-national analysis showed that malaria was associated with mortality in Central 2, East-Central, Mid-North, North-East and West-Nile regions. While the Mid-North experienced the highest malaria prevalence, the largest association of the disease with mortality was not observed in this region. This suggests that high disease prevalence may not imply high malaria mortality. Various factors including other diseases (diarrhoea-hookworms, ARI-pneumonia) and other factors than diseases such as other interventions or malaria physiopathology (e.g. immunity) may also play a role in the disease severity and outcomes.

The significant associations between anaemia and mortality in Central 1, Kampala, Mid-North, Mid-Western, North-East, South-West and West-Nile could be partly be related to the high malaria prevalence in these areas (at least 40%) ([@bb0205]). It is also known that anaemia can result from malaria infection ([@bb0175]), therefore the anaemia relation to mortality in these areas may partly indicate an indirect malaria effect. Given the low prevalence of severe anaemia in these regions (i.e. \<10%, ([@bb0205])), the majority of anaemia-related deaths are associated with moderate anaemia. This implies that even a modest improvement in haemoglobin concentration could reduce the impact of anaemia on U5M ([@bb0025]). The most frequently used approach to increase haemoglobin levels and reduce anaemia is universal iron supplementation starting at six months of age ([@bb0145]). In Uganda, nearly 85% of the under-fives did not receive iron supplementation ([@bb0205]) and in most regions in which anaemia influenced mortality (Central 1, Kampala, West-Nile, Mid-Western and South-West), iron supplementation was as low as 9% ([@bb0205]). This could have led to iron-deficiency diseases such as anaemia, hence the observed significant associations between anaemia and U5M.

Soil transmission helminthiasis (STH) resulting from parasitic worms may also cause anaemia. Parasitic worms, especially, hookworms are a risk factor of anaemia among children ([@bb0030]). Such worms are transmitted by eggs present in human faeces and contaminate the soil in areas where sanitation is poor ([@bb0140]). Given the poor WASH practices in the country, the Ugandan children are at higher risk of developing STH and STH-associated anaemia. In particular, out of the seven regions with an important association between anaemia and mortality, five have lower coverage of improved sanitation facilities varying from three to 14% which is below the 16% national average ([@bb0205]). The other sources of anaemia in addition to malaria may partly explain why in our study, the generated map of malaria risk did not match with the map of anaemia. Our findings are in line with previous studies carried out in Uganda ([@bb0160]) showing that malaria is not the only contributing factor of anaemia among children under five years.

The significant associations between severe or moderate malnutrition and mortality in East-Central, Mid-Eastern and North-East can be explained by the high malnutrition prevalence in the areas. Out of the three affected regions, two (East-Central and North-East) had malnutrition prevalence higher than the national average. East-Central and North-East regions are characterized by frequent dry spells and lack of agricultural extension services. This affects production and productivity resulting in poor food access and utilization, hence malnutrition ([@bb0180]). Surprisingly, malnutrition is associated with mortality in regions with high food production such as the Mid-Eastern. Poor infant and young child feeding practices may partly be responsible for the persistent malnutrition. For example, nearly half of the under-fives in each of the regions where malnutrition was associated with mortality, were not exclusively breast fed in the first six months after delivery ([@bb0205]).

The positive association between diarrhoea risk and U5M in Central 2, East-Central, Mid-Eastern and Mid-Western can be attributed to the almost stagnant coverage of interventions since 2006 ([@bb0205]; [@bb0220]) proven to reduce diarrhoea-deaths in areas where they are widely used ([@bb0185]). For instance, utmost, only 14% of households in each of the four affected regions had improved sanitation facilities and, health care seeking for diarrhoea was poor, with about half of children having the disease in each of the four high risk regions not receiving ORS or RHF ([@bb0205]).

Even though ARIs is among the ten leading causes of death in children under five years in Uganda ([@bb0190]), the disease was not associated with U5M. Universal coverage of the pentavalent (Haemophilus Influenzae type B disease) vaccine could have contributed to this finding ([@bb0190]).

The contribution of a disease on the overall mortality rate of \>100% can be explained by the interplay of diseases in influencing U5M. Malnutrition is a risk factor for anaemia and malaria-associated morbidity and mortality ([@bb0170]; [@bb0055]; [@bb0070]; [@bb0035]). Many of the children who die from malaria also have malarial anaemia ([@bb0250]). The adverse effect of malnutrition on diarrhoea and malaria has been described ([@bb0085]; [@bb0075]; [@bb0225]). This implies that controlling one disease alone is not enough to significantly curb under-five morbidity and mortality as the causes are interconnected. Thus, the comprehension of the interaction of childhood diseases is important for the understanding of under-five morbidity and mortality and, for the development of effective interventions. Hence, health personnel should be trained to distinguish and treat major childhood diseases in the presence of other illnesses among children. This alongside malaria, malnutrition, diarrhoea and anaemia control measures may reduce the U5M burden related to such diseases.

The main limitation of our study is that disease data for the dead children were not available and therefore we were not able to estimate the disease-related mortality using disease information at individual level. Instead, we treated the disease prevalence at the cluster level as an exposure and quantified the associations with U5M, adjusting for birth-related factors at the individual level, maternal and household characteristics as well as coverage of interventions at cluster level. Our results are therefore prone to ecological fallacy; however, they inform about geographical distribution of the effects of childhood diseases on U5M in Uganda. The methodology presented in this paper can be applied to other countries with dysfunctional civil registration systems, and be used as a tool for providing information for decision making in programming of interventions at sub-national scales to address U5MR.

5. Conclusion {#s0095}
=============

In Uganda, the majority of deaths among children under-five years are due to malaria, followed by diarrhoea, severe/moderate anaemia and severe/moderate malnutrition. Thus, improving disease-specific interventions especially in the affected regions may reduce under-five mortality.

Disease-specific interventions should be strengthened specifically in the affected regions. Interventions related to malaria, in particular, IRS should be reinforced in Central 2, East-Central, Mid-North, North-East and West-Nile. The coverage of iron supplementation and deworming should be increased especially during pregnancy and infancy in Central 1, Kampala, Mid-North, Mid-Western, North-East, South-West and West-Nile to lessen anaemia-mortality. Balanced exclusive breastfeeding within the first six months of delivery, investment in nutrition and education in nutrition practices mainly in more malnourished regions (East-Central, Mid-Eastern and North-East) would alleviate deaths related to malnutrition. Scaling up coverage of diarrhoea interventions, such as ORS or RHF and improved sanitation facilities in Central 2, East-Central, Mid-Eastern and Mid-Western, and educating the population on the benefits of hygienic practices will prevent diarrhoea.
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[^1]: ARIs: Symptoms of acute respiratory infections; Malnutrition: Severe or moderate malnutrition; Anaemia: Severe or moderate anaemia.

[^2]: Selected variables with \>40% inclusion probability.

[^3]: ARIs: Symptoms of acute respiratory infections.

[^4]: Statistically important effect.

[^5]: Indicates the degree of variation of disease effects in space.

[^6]: Disease prevalence was modeled on the scale of 0 to 1, therefore one unit increase in prevalence corresponds to a 100% increase which implies a shift of the current by 100%.

[^7]: Statistically significant.

[^8]: Distance after which spatial correlation becomes \<5%.

[^9]: Covariate takes values on the scale of 0 to 1, therefore one unit increase in coverage corresponds to a 100% increase which implies a shift of the current by 100%.

[^10]: Shape parameter of the Weibull baseline hazard.

[^11]: ARIs: Symptoms of acute respiratory infections.

[^12]: Percentage of deaths attributable to a disease, for example, for malaria, 97% (PAF = 96.9; 95%BCI: 94.6, 98.0) of deaths among children less than five years in Uganda are attributed to malaria.
